Haihe basin is one of the most prominent areas suffering from a water shortage in China [1] [2] [3] . The Zhuozhang River basin, as one of the main water resources in Haihe, is particularly facing water environment deterioration and shortfalls between water supply and demand [4, 5] . In irrigation season, especially, a great challenge is finding a solution to water allocation between upstream and downstream due to rapid expansion of irrigated agriculture [6, 7] . Downstream storage primarily depends on the release from upstream storage [8] . The grain yields of winter wheat and summer maize, widely cultivated crops in the Zhuozhang basin, have a great relation with irrigation due to a mismatch between precipitation and water requirements [9] . Therefore, how to use water scientifically and rationally and how to improve water use efficiency have become urgent problems.
would be beneficial to increase crop yield and water productivity (WP) [21] [22] [23] . Researching crop sensitivities to water deficiency is advantageous for realizing optimal water allocation during the whole growing period [24] [25] [26] . Previous work of making irrigation regimes according to water production functions has proven that it was an effective approach [27, 28] . However, the experimental data are not easily obtained due to the complexity of experimental design and limited irrigation experiment stations. Moreover, since there is a great difference of crop irrigation scheme in space domain due to the variability in meteorological and hydrological conditions, it is necessary to guide irrigation timing by a crop growth simulation model [29] .
The soil and water assessment tool (SWAT) is a river basin scale model developed to predict the impact of land management practices on water, sediment, and agricultural chemical yields in large complex watersheds over long periods of time [30] [31] [32] [33] [34] . Cai et al. [35] applied remote sensing-derived ET to validate the monthly evapotranspiration (ET) simulated by using SWAT in the Zhangweinan River basin and calibrated agricultural management practices and parameters for crop growth. Wang et al. [36] using the adapted SWAT model on the Yangshudang watershed to analyze the ET for paddy fields with different irrigation regimes. However, to our knowledge only a few studies have focused on optimal irrigation regimes for semi-arid areas of northern China based on SWAT models.
The objectives of this research were to: (i) study the applicability of the SWAT model in the main stream of the Zhuozhang basin based on actual river discharge, ET, and crop yield, (ii) explore the optimal water-saving irrigation regimes of winter wheat and summer maize in different typical years.
Materials and Methods

Study Area
The study area is located in southeastern Shanxi Province, China. It is the main stream of the Zhuozhang River (MZR) with a watershed of 265,459 ha. Its latitude and longitude range from 36º16' to 37º00' , and from 112º47' to 113º20' , respectively ( Fig. 1 ). This watershed belongs to a semiarid continental monsoon climate area of a temperate zone, and has 9.8ºC mean annual temperature. The average annual precipitation is 610.6 mm, with more China Sacle 1:65000000 Shanxi province Low: 686 than 70% falling in the period from June to September. The annual sunshine hours are 2,502, and the annual frostless season is 166 days. Altitude ranges from 686 m to 1,986 m, mainly mountainous. Three upstream outlets -the Guanhe, Houwan, and Zhangze reservoirs -are taken as inlets for the main stream of the Zhuozhang. The flow in the river is the highest during flood seasons and very low or zero during dry seasons. The whole basin has just one outlet, Shiliang hydrologic station, which has integrated monitoring data. There is no other large or medium reservoir in the whole watershed.
Model Description
Based on three digital maps (a digital elevation model (DEM), a land use map, and a soil map), the SWAT model subdivided the watershed into sub-basins and multiple hydrological response units (HRUs) consisting of areas with homogeneous soils, land use, and slope [37] [38] [39] [40] . Water balance is the basic driving force of a SWAT model and the basic equation is as follows (all units in mm): (1) ...where sw t is soil water content after t days; sw 0 is initial soil water content; and R d , Q surf , E a , W s , and Q w are precipitation, surface runoff, evapotranspiration, water entering vadose zone, and return flow, respectively, on day i. As precipitation descends, water will be intercepted and held in the vegetation canopy or fall to the soil surface, and then redistributed through water management on the ground. Flow generation from each HRU in a sub-basin is summed and the resulting loads are routed through channels to the watershed outlet.
Evapotranspiration is the main approach for moisture transferring from a watershed. The model offers three options for estimating potential evapotranspiration (PET): Hargreaves [41] , Priestley-Taylor [42] , and PenmanMonteith [43] , of which the third was selected in this research. Actual ET is calculated based on PET and parameters of soil and land uses in the model. Surface runoff occurs whenever the rate of water application to the ground surface exceeds the rate of infiltration. It is estimated with a modification of the SCS curve number method from the United States Department of Agriculture Soil Conservation Service (USDA SCS) [8, 44] .
SWAT utilizes a plant growth model to simulate all types of land cover. The potential growth in plant biomass on a given day is defined as the increase in biomass under ideal growing conditions. For any plant, a base temperature must be reached before any growth will take place. Above the base temperature, the higher the temperature, the more rapid the growth rate of the plant. As it will be difficult to achieve the best growth situation and yield due to constraints imposed by the environmental, the SWAT model simulates actual crop growth with the consideration of extreme temperatures and water deficiencies.
Data Availability
In this study, we applied Arc SWAT version 2009 in the ArcGIS (version 9.3) environment. The DEM ( Fig. 1) [45] and was classified into seven types (Fig. 2) . 71.8% of the soil was classified as calcaric cambisols ( Table 1) .
The land use map (1:250,000) was obtained from Data Sharing Infrastructure of Earth System Science (http://www.geodata.cn) (Fig. 3) . As two main land-use types, agricultural land-row crops (AGRR) and typicalgrasses (RNG2) accounted for 31.68% and 37.04% of the total land area, respectively. Land-use classification circumstance is shown in Table 1 .
Meteorological data, daily values of precipitation, maximum and minimum temperatures, solar radiation, relative humidity, and wind speed were obtained from four local hydrological stations and input into the SWAT model. Irrigation Regime Set-Up AGRR was built as a winter wheat-summer maize rotation for the most widely distributed crops in MZR. Winter wheat was generally sown during early October and harvesting typically occurred during the first 10 days of June. Summer maize was inter-planted into winter wheat 5-7 days prior to harvest to prolong the growth period and ensure that harvesting happens in the last 10 days of September. Irrigation management in this study was mainly based on local practices. Wheat was irrigated four times during growing seasons in most years, which happened in the sowing to over-wintering (SO), turning green to jointing (TJ), jointing to booting (JB), and booting to filling (BF) stages. Summer maize was irrigated two to three times during the growing periods, which happened in the sowing to jointing (SJ), jointing to tasseling (JT), and tasseling to filling (TF) stages. The irrigation amount for each event was 30-75 mm. The irrigation date and amount varies every year mainly due to climate conditions and precipitation. Detailed cultivation schedules were based on field investigations considering water-sensitive periods for wheat and maize.
Three typical years (wet year, normal year, and dry year) were selected for researching an optimal irrigation regime. The simulated ET and yield results in these three typical years would be calibrated with measured ET and investigation yield data. Table 2 presents precipitation distributions in these three typical years, while Table 3 graphically illustrates crop irrigation procedures that have been installed into the model.
Crop Growth Parameters
It is necessary to set up the main parameters in the model, which has a significant effect on ET and crop yield. SWAT uses potential heat units (PHU)-leaf area index curve to define crop growth processes (Fig. 4) . Six parameters are going to quantify leaf area development of various plant species during the growing season, which are maximum potential leaf area index (BLAI), fraction of the plant growing season (FRGRW1), fraction of the maximum leaf area index corresponding to the first point on Fig. 4 (LAIMX1), fraction of the plant growing season (FRGRW2), fraction of the maximum leaf area index corresponding to the second point on Fig. 4 (LAIMX2) , and fraction of the growing season when leaf area declines (DLAI). The remaining crop parameters adopted default value in the model. Tbase represents base temperature for plant growth (ºC). When temperatures drop to minus 0 degrees Celsius in winter, wheat will stop tillering and get into over-wintering stage. Therefore, Tbase of winter wheat was going to take 0 degrees Celsius. For summer maize of northern China, Tbase value could be defined as 10 degrees Celsius [35] .
According to Pan et al. [4] , experimental data of wheat and maize in Quzhou experimental station from 1999 to 2005 was adopted to define crop parameters. Final values are presented in Table 4 .
Model Calibration and Validation
As it is not feasible to include all parameters being calibrated in SWAT, the most sensitive 11 parameters for runoff and ET values were considered as critical calibration. Final results will be accepted when simulated data act well with actual data. The performance of the model was evaluated by coefficient of determination (R 2 ) and NashSutcliffe efficiency (Ens) [32] . In order to make sure of the model accuracy of simulating irrigation management, river discharge, ET, and crop yield participated in the calibration using measured data. Table 5 has a list of the most sensitive parameters and their final values after calibration.
Scenario Analysis
In order to obtain optimal water-saving irrigation regimes in each typical year of winter wheat and summer maize based on local general irrigation procedures, differ- Table 6 graphically illustrates irrigation treatments in each certain growing period.
Results and Discussion
Model Performance With remote sensing, monitoring monthly ET values were taken as measured data. Eleven typical sub-basins, the main form of winter wheat-summer maize rotation, were selected for calibration of simulated ET values. Table 7 presents integrated results of coefficient of determination (R   2   ) and Nash-Sutcliffe efficiency (Ens). R 2 and Ens of subbasins 5, 19, 45, and 48 showed lower values, probably due to unavoidable deviation between the actual irrigation schedule and that installed into the model. However, from the whole trend, ET simulation got a comparatively ideal result and was satisfactory for simulation research. Production data for wheat and maize were collected by consulting statistical yearbooks in local counties and field investigations. Despite data, we probably have some deviations due to disagreement of statistical references, and they were still essential for model calibration. Though comparing simulated production data of wheat and maize with field data in three typical years, as seen in Table 8 , all values of R 2 were greater than 0.75, and Ens values ranged between 0.68 and 0.81. It is overall reasonable for validation results and could be used to simulated research on crop growth in the study area.
Water productivity (WP) is defined as crop yield divided by water use (evapotranspiration, ET):
...where Y is simulated grain yield (kg/ha).
The total water use of wheat and maize in three typical years was about 400 mm. However, as seen in Table 8 , water use in normal years was relatively larger than wet and dry years, which appeared that ET not only had a relationship with precipitation but also was affected by temperature, humidity, and other climate factors. WP varied significantly in each year due to yield variance caused by uneven distribution of precipitation and irrigation amount. The high water use does not meet high production. Therefore, fluctuated yield results and various ET and WP illustrated the existence of an optimal irrigation regime for each crop and difference of sensitivity for water stress between each certain growing period.
Yield, ET, and WP Simulation Tables 9 and 10 . The one-way ANOVA approach was used to evaluate the effects of irrigation methods on crop yield at P<0.05 using the IBM SPSS Statistics software package. Crop yield showed an increasing trend with the increase of water use, and reached a peak value when water use reached a certain degree. However, the yield decreased instead when water use continued to increase. Crop yield showed significant differences under the same irrigation amount due to various irrigation periods. The letters represent one-way ANOVA results which are used to evaluate the effects of irrigation methods on crop yield and illustrate if they show significant differences. The letters represent one-way ANOVA results which are used to evaluate the effects of irrigation methods on crop yield and illustrate if they show significant differences.
As shown in Table 9 , crop yield had the maximum values with the treatments of W5, W6, and W9 in T WY , T NY , and T DY , respectively, while WP reached the peak value under different treatments for each year. In T WY , treatment of W2, W5, and W8 had no significant influence on wheat yield based on one-way ANOVA (P<0.05). Treatment W5 recorded the highest yield, when its ET and WP were 356.05 mm and 1.64 kg·m -3 , respectively. However, treatment W2 showed the minimum ET value and WP was 1.73 kg·m -3 . The data proved that timely irrigation in winter (based on precipitation and supplementary irrigation one time before the jointing stage in T WY ) can guarantee harvest effectively and reduce water consumption. Treatment W6 recorded the highest yield in T NY , while W5 took second place with no significant difference using treatment W6 (P<0.05). However, ET of treatments W5 and W6 reached 386.52 mm and 394.53 mm, respectively. WP reached the maximum value under treatment W3, which had lower yield (decreasing only by 4.81% compared with W6).
Therefore, in T NY , treatments of W5 and W6 can be selected as optimal irrigation methods in study areas with sufficient water conditions, while W3 should be adopted with limited water. In T DY , water deficiency in different growth periods led to a reduction in different degrees for wheat yield compared with treatment W9. However, treatment W6 showed no significant influence on crop yield, while water use decreased obviously compared with W9. Therefore, W6 could be selected as optimal irrigation regime, implementing deficit irrigation in JB stage.
As shown in Table 10 , treatments of C2, C7, and C8 had no significant influence on maize yields in T WY . Since precipitation in a wet year can basically meet water requirements during the growing period of summer maize, irrigation would be needed only in the JT or TF stages -the most sensitive stages for water deficiency -to guarantee production. Treatments of C2 and C8 were optimal irrigation regimes in T WY due to comparatively lower water use, while their WPs were 2.05 and 2.10, respectively. Treatment C6
Researching the Optimal Irrigation... 2615 recorded the maximum yield in T NY , but it still had higher ET, which led to comparatively lower WP. Treatment C7 had lower yield, while its ET decreased obviously compare with treatment C6. Therefore, irrigation was necessary at the seedling stage for maximizing yield of summer maize, and it needed two more times after the tasseling stage. Under limited water supply conditions, irrigation for one time after the tasseling stage contributed to increasing water use efficiency clearly with minimum yield loss. In T DY , treatments of C3 and C6 should be selected as optimal irrigation regimes due to minimum yield loss and lower ET compared with treatment C4, which recorded the highest yield and ET.
Runoff Simulation
Different irrigation regimes also exerted an influence on the runoff at the outlet. Figs. 7 and 8 illustrated average runoff during the whole growth period of winter wheat and summer maize in three typical years under different irrigation treatments. Runoff decreased with the increase of irrigation frequency. Average runoff showed no significant difference between irrigation treatments with the same irrigation frequency. For winter wheat, the average runoff in three typical years with actual irrigation was 1.00 m . Runoff in T DY was relatively higher than the other two typical years due to larger precipitation during growing seasons. Since crop yield was the main factor taken into account, based on previous analysis conclusions, treatments of W2, W3, and W6, which were adopted by T WY , T NY , and T DY , can guarantee harvest effectively with the average runoff increased by 43.98%, 25.75%, and 6.38%, respectively. The average runoff increased by 1.58%, 2.89%, and 4.06%, respectively, with treatments of C8, C7, and C3 adopted in three typical years during summer maize growth periods compared with actual irrigation.
Conclusion
The grain yields of winter wheat and summer maize have a great relationship with irrigation in the main stream of the Zhuozhang River basin. This basin was simulated using SWAT model in order to obtain optimal irrigation regimes in different typical years. According to calibration and validation results of runoff, ET, and yield simulation, the model showed high applicability in MZR.
Base on scenario simulation results, different irrigation regimes exerted a significant influence on yield, ET, WP, and even runoff at the outlet. Crop yield showed an increasing trend with the increase of water use, and reached a peak value with water use at a certain degree. For both winter wheat and summer maize in each typical year, the peak value of crop yield did not meet the maximum value of water productivity. Besides crop yield, ET, and WP, river discharge affected by irrigation management should be taken into account for making optimal irrigation regimes. For winter wheat, treatments of W2, W3, and W6 -which were adopted in T WY , T NY , and T DY -can guarantee harvest effectively with the average runoff increased by 43.98%, 25.75%, and 6.38%, respectively, compared with actual irrigation. The average runoff increased by 1.58%, 2.89%, and 4.06%, respectively, with treatments of C8, C7, and C3 adopted in three typical years during summer maize growth periods. Si H., et al. Higher Education Institutions (No. sys1103). We would like to express our appreciation to the Zhanghe River Upstream Authority, Hebei Province, for providing spot investigations and mass data.
